The ribosomal stalk is directly involved in the interaction of the elongation factors with the ribosome during protein synthesis. The stalk is formed by a complex of five proteins, four small acidic polypeptides and a larger protein which directly interacts with the rRNA at the GTPase center. In eukaryotes the acidic components correspond to the 12-kDa P1 and P2 proteins, and the RNA binding component is the P0 protein. All these proteins are found phosphorylated in eukaryotic organisms, and previous in vitro data suggested this modification was involved in the activity of this structure. Results from mutational studies have shown that phosphorylation takes place at a serine residue close to the carboxy end of the P proteins. Modification of this serine residue does not affect the formation of the stalk and the activity of the ribosome in standard conditions but induces an osmoregulation-related phenotype at 37³C. The phosphorylatable serine is part of a consensus casein kinase II phosphorylation site. However, although CKII seems to be responsible for part of the stalk phosphorylation in vivo, it is probably not the only enzyme in the cell able to perform this modification. Five protein kinases, RAPI, RAPII and RAPIII, in addition to the previously reported CKII and PK60 kinases, are able to phosphorylate the stalk proteins. A comparison of the five enzymes shows differences among them that suggest some specificity regarding the phosphorylation of the four yeast acidic proteins. It has been found that some typical effectors of the PKC kinase stimulate the in vitro phosphorylation of the stalk proteins. All the data suggest that although phosphorylation is not involved in the interaction of the acidic P proteins with the ribosome, it can affect the ribosome activity and might participate in a possible ribosome regulatory mechanism. ß
Introduction
A considerable number of the non-ribosomal components of the protein synthesis machinery are phosphorylated in the eukaryotic cells, and in several cases this modi¢cation has been shown to play an important regulatory function on the whole translation process [1] . The control of the initiation step by phosphorylation of eIF-2 is the ¢rst and probably best known example.
Similarly, a number of proteins are also found phosphorylated in the eukaryotic ribosome. The presence of up to ¢ve phosphorylated bands in electrophoresis gels of ribosomes from rat liver and rabbit reticulocytes was initially reported [2, 3] . The main bands were shown to correspond to the small ribosomal subunit protein S6 [4] , and the large subunit acidic proteins [5] , later called P1 and P2 [6] . Afterwards, protein P0 was also characterized as a phoshoprotein immunologically related to proteins P1 and P2 [7] . More recently, the 5S rRNA binding protein L3 was reported to be phosphorylated in yeast [8] .
Phosphorylation of ribosomal protein S6 has been studied in great detail, and its involvement in preferential translation of some speci¢c mRNAs, through a mechanism still not well-understood, has been shown [9] . Similarly, a protein S6 speci¢c kinase has been characterized and shown to participate in signal transduction pathways [10] . Nothing is known about the role that phosphorylation may have in the function of protein L3.
The other well-characterized ribosomal phosphoproteins, P0, P1 and P2, have been found phosphorylated in all the eukaryotic organisms tested (see [11] for a review), the only possible exception being Tetrahymena pyriformis [12] . The 12-kDa P1 and P2 are unusually acidic ribosomal proteins (pI = 3.0^4.0) like their structural and functional bacterial equivalents, the proteins L7/L12. The 38-kDa P0 (pI V5.5), on the other hand, is the functional analog of the smaller bacterial protein L10 [13] . These proteins are the components of the stalk, a universal lateral protuberance of the large subunit that has a relevant role in protein synthesis, participating in the interaction of the supernatant factors with the ribosome [14] . Although the stalk is not a main component of the ribosomal factor binding site [15] , the existence of a minimal functional structure of this type is required for ribosome activity [16] . Moreover, recent 3D reconstituted images of the bacterial ribosome clearly show a connection between the bound EF-Tu and EF-G factors and the stalk [17, 18] . In bacteria, the stalk is formed by a complex of two dimers of protein L7/L12 (L7 is the N-acetylated form of L12) and one monomer of protein L10 which binds to the highly conserved GTPase-connected domain in the large rRNA [19] . The mammalian stalk is formed by two copies of P1, two copies of P2, and one copy of P0 [20] . In lower eukaryotes and in protozoa, more than one protein of the P1 and P2 types have been reported. In plants, the presence of a third type, protein P3, was recently described [21] .
In yeast, four 12-kDa acidic proteins have been found [22, 23] . Two of the four, YP1K and YP1L, are similar to mammalian P1, and the other two, YP2K and YP2L, to mammalian P2. However, the two proteins of the same type do not have identical functions since they cannot replace each other [24] . In all organisms, the basic function of the stalk in the protein synthesis mechanism seems to be related to the activity of the supernatant factors. However, the eukaryotic stalk structure has some peculiarities which strongly suggest it has evolved to play additional regulatory functions in the translation process. One of the obvious features is the capacity of the eukaryotic stalk proteins to be phosphorylated. Moreover, in contrast to the prokaryotic structure, the eukaryotic stalk is rather unstable: the phosphorylated P1/P2 proteins in the ribosome exchange during protein synthesis with the equivalent cytoplasmic pool of non-phosphorylated proteins [5,252 7] . Probably as a consequence of this exchange the amount of P1/P2 proteins bound to the ribosome changes with the metabolic activity of the cells. Thus, P1/P2 proteins are substantially reduced in stationary phase yeasts [28] and in seedling roots of maize in response to oxygen deprivation [29, 30] . In addition, contrary to L7/12, P1 and P2 have been found not to be essential since cells not expressing these proteins, although growing at lower rates, are viable [31] . This di¡erence with the bacterial systems is due to the existence in the P0 carboxy end of an amino acid sequence extension highly similar to that of the P1/P2 proteins, which provides one copy of the essential carboxy-terminal peptide common to all the eukaryotic stalk proteins [16] . The eukaryotic P0 by itself constitutes the minimum stalk required for basal ribosome activity. All these di¡erentiating properties are compatible with the evolution of the eukaryotic stalk into a dynamic structure which is used by the eukaryotic cell as part of a translational regulatory mechanism. It has been proposed that the eukaryotic cell, by changing the composition of the stalk, could modulate the eukaryotic ribosome activity, which di¡erentially affects the translation of the various mRNAs [11] . There are experimental data supporting this hypothesis [28^31], although additional experimental evidence is required to con¢rm the existence of such a regulatory process. Several aspects of the model are still poorly understood, and one of them is the role of the stalk phosphorylation. The data available on this subject are reviewed in this report.
P protein phosphorylation sites
The phosphorylation sites in the stalk proteins have been studied in only few cases. Three positions have been detected in the rat P1/P2 proteins [32] , but only one was found in Saccharomyces cerevisiae [33, 34] and in Artemia salina [35] . In all cases phosphorylation takes place at serine residues.
Sequencing of the A. salina P1/P2 proteins revealed that the only phosphoserine was in position 98, which corresponds to the last serine residue in the molecule close to the carboxy end of the amino acid sequence [36] . Moreover, a synthetic peptide corresponding to the C-terminal end of mammalian P2, containing the same serine, has been shown to be phosphorylated by casein kinase II [37] . Recently, an equivalent serine residue was identi¢ed by protease digestion and peptide sequencing as the in vivo phosphorylated site in the S. cerevisiae acidic proteins [38] (Fig. 1) . Therefore, considering that the C-terminal peptide EESDDDMGFGLFD is highly conserved, it is quite possible that the same serine residue is phosphorylated in most eukaryotic P proteins. Tetrahymena P proteins, which lack this serine residue [39] , are the only ones which have been reported not to be phosphorylated in the ribosome [12] which is in agreement with this idea.
Since the C-terminal domain in all the stalk proteins is closely related, it was reasonable to assume that the 38-kDa P0 protein was phosphorylated at the same serine residue (Fig. 1) . The serine in the yeast P0 C-terminal domain was mutated, and in its place a cysteine, an aspartic acid or a threonine Fig. 1 . Carboxy terminal sequence of all P proteins from the ribosomal stalk of S. cerevisiae (Sc), and of P2 from Homo sapiens (Hs) and Trypanosoma cruzi (Tc). The phosphorylated serine residue is underlined. was introduced. No evidence of phosphorylation was found in the proteins containing either cysteine or aspartic acid, thus con¢rming the location of the modi¢cation site [40] . In contrast, the protein with threonine was found to be more phosphorylated than the control in vitro as well as in vivo phosphorylation tests. Since there is a single phosphorylation site in yeast P0, the higher incorporation of phosphate indicates that only a fraction of ribosomes carry a phosphorylated protein in the wild-type cells, and this fraction increases in the mutated strain.
Considering the high similarity of the C-terminal peptides [11] , it can be assumed that probably all the eukaryotic stalk proteins, and de¢nitely the proteins from S. cerevisiae, are phosphorylated at equivalent positions in the amino acid sequence, namely, at the serine closest to the carboxy end. No information on possible additional phosphorylation sites in multiphosphorylated stalk proteins is available.
3. Protein kinases involved in the phosphorylation of the stalk proteins
Role of casein kinase (CK) II
The phosphorylated amino acid sequence in all the stalk proteins, SDDD (Fig. 1 ), corresponds to a casein kinase II consensus site [41] , and, not surprisingly, the acidic proteins have been shown to be phosphorylated in vitro by this protein kinase [37,42^44] . There were, however, data suggesting that CKII might not be responsible for the modi¢-cation of the proteins in the cell. Thus, the results showing that the P0 protein carrying a threonine in the phosphorylating site is a better substrate for modi¢cation (Section 2) argue against CKII being the physiological enzyme, since it has been shown that the presence of a threonine notably deteriorates the K m and V max of the phosphorylation reaction [45] .
Testing the role of this enzyme in the P protein phosphorylation has been made possible by the availability of S. cerevisiae strains carrying a temperature-sensitive mutation in the CKII gene [46, 47] . When the mutant was grown at the restrictive temperature, there was an appreciable reduction in radioactivity of the P proteins not found in the control.
Nevertheless, considerable labeling was still found in the stalk proteins even after growing for 1 h at the restrictive temperature. Similarly, extracts of the mutant cells grown at the restrictive temperature are still able to phosphorylate the acidic P proteins in vitro, though to a lesser extent than the control grown at 25³C [40] . These data seem to indicate, therefore, that CKII may participate in the phosphorylation of the yeast stalk proteins, but that another protein kinase can perform the same function when CKII is inactivated.
Other acidic protein phosphorylating kinases
Although the catalytic subunit of 3P,5P-cAMP-dependent protein kinase was initially shown to modify the mammalian acidic proteins in vitro [48] , all the P protein kinases so far puri¢ed are cAMP-independent enzymes. Initially, a 39-kDa protein kinase 1B was reported [43] , and later a second 71-kDa PK60 enzyme was described by the same group [49] . Both activities were puri¢ed using similar conditions and were shown to be able to phosphorylate the P1/P2 acidic proteins as a whole, although the polypeptides were not resolved in order to check for some possible speci¢city. The two enzymes were proposed to be di¡erent since an anti-PK60 serum did not recognize any 39-kDa band in a Western blot [49] . The results do not rule out, however, the possibility that the puri¢ed protein kinase 1B is a degradation product of either PK60 or another larger protein kinase.
A systematic study of all the P protein phosphorylating activities in S. cerevisiae has been carried out. A total yeast extract was resolved by ion-exchange chromatography in a DEAE-cellulose column. Five main peaks of P protein phosphorylating activity were eluted in addition to PK60, which is eluted in the exclusion volume. The fractions eluting between 0.18 M and 0.23 M NaCl correspond to CKII, and the remaining three were called RAPI, RAPII, and RAPIII [50] .
Protein kinase RAPI, which elutes at around 0.11 M NaCl, corresponds to a 55-kDa protein which shows a notable speci¢city for the yeast acidic ribosomal proteins, and which is clearly di¡erent from either CKII or PK60 [51] . RAPII was eluted at 0.06 M NaCl and the puri¢ed activity moves as a single peak in a glycerol gradient to a position corresponding to a molecular mass of 62.5 kDa. RAPII does not crossreact with antibodies to protein kinase PK60 and is clearly di¡erent from CKII as well. The activity corresponding to RAPIII elutes at 0.35 M NaCl and is found in a low proportion in the cell. It has been only partially puri¢ed by subsequent chromatography in phosphocellulose. The activity moves as a broad peak in a glycerol gradient with the maximum activity around 150 kDa. RAPIII, contrary to all the other P protein kinases, is practically unable to phosphorylate casein.
Characteristics of the P protein kinases
Di¡erent characteristics of CKII, PK60, RAPI, and RAPII are compared in Tables 1 and 2 , and their di¡erences become evident. Thus, RAPI, RAP-II and PK60 show a sensitivity to moderate NaCl concentrations that is not displayed by CKII. Moreover, inhibition by GTP, which indicates the capacity to use this nucleotide, is di¡erent for the four enzymes, as is their sensitivity to heparin.
The relative capacity to phosphorylate a number of di¡erent substrates is di¡erent for the four enzymes ( Table 1 ). The acidic P proteins as a whole are the best substrate in all cases, including CKII. As expected, casein is modi¢ed notably by CKII and also by RAPII, but only slightly by PK60. Basic proteins are poor substrates for all the enzymes, although CKII phosphorylates them to some extent. It should be pointed out that the acidic P proteins, when incorporated into the ribosome, are better substrates for the four enzymes. This fact seems to indicate that the proteins are probably phosphorylated in the ribosome, consistent with the dephosphorylated state of the proteins found free in the cytoplasmic pool [25] . However, it cannot be ruled out that the presence of protein phosphatases in the ribosome may a¡ect the phosphorylation level as compared with the free protein.
The existence of di¡erent protein kinases which can modify the P proteins opens the possibility for a di¡erent speci¢city regarding the four yeast acidic proteins. An in vitro treatment of ribosomes with CKII, PK60 or RAPI followed by extraction and isoelectrofocusing separation of the P proteins showed di¡erences in the modi¢cation of the four P proteins [44, 51] . Thus, P2L is strongly phosphoryl- [51] . The presence of four molecules of acidic proteins per particle and a molecular mass of 4U10 3 kDa for the yeast ribosome have been considered for estimating the labeling in the P1/ P2 proteins bound to the 80S ribosome. b [49] . c [72] . ated by RAPI and CKII but practically unmodi¢ed by PK60. P1L and P2K are good substrates for the three enzymes while in all cases P1K is scarcely phosphorylated. However, when the phosphorylation reaction is carried out using each one of the puri¢ed proteins separately, the results are not entirely the same [50] . Table 3 summarizes the kinetic parameters of the phosphorylation reaction for RAPI, RAPII and CKII. No great di¡erences have been found in the K m values for the three enzymes, but the V max values are notably di¡erent in some cases, especially for P1K. In general, the puri¢ed proteins are phosphorylated by all the tested kinases and, although there are clear di¡erences among the enzymes, they do not correspond to those detected using 80S ribosomes as substrate. This is especially clear in the case of protein P1K.
The di¡erence between these two sets of data could be due to a change in conformation taking place upon binding of the proteins to the ribosome that a¡ects the accessibility of the phosphorylation site. The masking of some protein regions upon interaction with the ribosome is not surprising, and it has been shown in the case of the P proteins by using speci¢c monoclonal antibodies [52] . However, the location of the phosphorylation site at the carboxy end of the proteins, which is expected to be exposed to the cytoplasm [53] , made these results unexpected. They strongly suggest that the carboxy ends of the four yeast acidic proteins are not equally exposed, and, perhaps, those which are protected from modi¢cation are bent over the ribosome body as proposed for the bacterial stalk [54] .
Although caution is necessary in extrapolating the in vitro results to the cell, these data are compatible with the existence of enzymes that preferentially modify the di¡erent P proteins. The role that these enzymes may have in yeast metabolism is an open question which will only begin to be answered when the respective genes are cloned, thus opening the way for a genetic and molecular biological study.
The presence of a phosphorylating mechanism for the eukaryotic stalk components implies the existence of a corresponding dephosphorylating process which, unfortunately, is totally unknown. Yeast P1/ P2 proteins can be dephosphorylated by alkaline phosphatase [34] . Moreover, the stalk components are substrates for protein phosphatases present in the cell during the ribosome puri¢cation process, but nothing has been reported on the characterization of any enzyme speci¢c for these proteins. Similarly, no data are available on the role of phosphatases in de¢ning the in vivo steady-state phosphorylation level of the stalk components. Considering the relevance that the stalk phosphorylation may have as a possible translation regulatory process, as will be discussed in Sections 4 and 5, it is obvious that an investigation of the dephosphorylating process is of great importance.
Functional e¡ects of stalk protein phosphorylation

In vitro tests
The bacterial stalk components, proteins L7/12 and L10, are speci¢cally removed from the ribosome by washing with ethanol-containing bu¡ers, and the stalk can be easily reconstituted by adding the released components [55, 56] . In the eukaryotic ribosome under the same washing conditions, only the L7/L12 equivalents, proteins P1 and P2, are removed [57] while protein P0 remains tightly bound to the core particle [7] , establishing an additional di¡eren-tial feature between prokaryotic and eukaryotic systems. The released P1 and P2 proteins can be rebound to the de¢cient particles, reconstituting active ribosomes [57] . This has made it possible to analyze the e¡ect of removing the phosphate group on the activity of the released components.
Thus, it was found that in vitro dephosphorylation of stalk proteins by treatment with alkaline phosphatase abolished their capacity to reconstitute active ribosomes [33] . Treatment with cAMP-dependent protein kinase reactivated the capacity of the previously dephosphorylated proteins for reconstitution [48] . The inactivity of the dephosphorylated proteins seemed to be due to their incapacity to re-bind to the protein-de¢cient ribosomes [34, 58] . On the other hand, recent data indicate that phosphorylation can a¡ect the interaction of the protein with elongation factor EF-2 [59] , suggesting that dephosphorylated proteins might a¡ect the ribosome activity after binding to the ribosome. These data, together with the fact that the proteins are found dephosphorylated in the cytoplasmic pool [25] , strongly support the idea that phosphorylation is important for ribosomal stalk structure and function [60] .
In vivo studies
The functional relevance of stalk protein phosphorylation in the cell has been tested by mutational analysis. The genes for each of the four S. cerevisiae P1/P2 proteins, P1K, P1L, P2K and P2L, in which the serine had been mutated to a cysteine, were independently transformed into a yeast strain in which the corresponding wild-type gene had been disrupted. It was found that the mutated protein was fully able to bind to the ribosome. In addition, the expression of the mutated protein did not a¡ect the cell growth rate at 30³C [38] . These results clearly indicated that phosphorylation is not a requirement for in vivo binding of the P1/P2 proteins, and, moreover, that the presence of a non-phosphorylated protein in the ribosomal stalk does not cause any notable e¡ect on the cell growth.
Since in these strains only one P1/P2 protein is non-phosphorylated, it cannot be ruled out that the phosphorylation of the remaining proteins may have overcome the negative e¡ect of the single mutation. To test this possibility, an S. cerevisiae strain was recently constructed in which all the P1/P2 proteins present in the cell are mutated at the phosphorylatable serine residue. In strain D46/m57 the genes encoding protein P2K and P1L were inactivated, and the P1K and P2L genes were replaced by the corresponding mutated copies. The ribosomes from this strain contain an amount of non-phosphorylated P1K and P2L equivalent to the amount present in ribosomes from the corresponding control strain carrying the wild-type proteins. Moreover, the doubling time at 30³C of the D46/m57 and the control strains are similar (R. Zambrano and J.P.G. Ballesta, unpublished results).
Therefore, it is possible to conclude from the available data that phosphorylation is not a requirement in the cell for binding of the acidic proteins to the ribosomal stalk and, in addition, the presence of the acidic proteins in their non-phosphorylated form does not hinder the capacity of the cells to grow normally under standard conditions. This discrepancy between the in vivo and in vitro data with respect to the binding of the acidic proteins to the ribosome could be due to trivial methodological reasons, such as undetected collateral effects of the phosphatase treatment on the proteins. However, it cannot be ruled out that the two binding processes take place by means of di¡erent mechanisms, and there are some indications that this could indeed be the case. Thus, the conformation of the acidic protein free in solution is rather unstable, resembling a`molten globule' state [61] . Since this structural state is very sensitive to protease degradation, it is quite probable that these proteins are not free in the cytoplasmic pool but instead form a complex with other proteins that protect them from protease attack. Consequently, the in vivo binding process would not take place through a direct interaction with the ribosome, as in the in vitro experiments, but might require the involvement of other unidenti¢ed proteins.
Regarding the apparent lack of e¡ect of acidic protein phosphorylation on the ribosome activity, it must be taken into consideration that a phosphorylated protein P0 is always present in all the strains so far commented on, and the modi¢cation of this key stalk component could be su¤cient for ribosome activity. However, it has recently been shown that this is not the case using a yeast strain, S. cerevisiae D67dGP0, containing ribosomes which have a stalk formed only by protein P0. In addition, the genomic P0 gene copy is under the control of the inducible GAL1 promoter [62] ; therefore, only the plasmidencoded P0 genes are expressed when cells are grown in glucose. In this way, cells containing only a mutated P0 protein can be studied. It was found that the expression of the previously mentioned unphosphorylatable P0 proteins (Section 2) did not notably a¡ect the cell growth rate at 30³C as compared with the strain expressing the wild-type protein. Therefore, the presence of a sole unphosphorylated P0 protein in the stalk does not seem to cause an additional reduction in the activity of the ribosome when cells are growing exponentially in standard conditions [40] .
Phenotypes associated with mutation of stalk protein phosphorylation sites
In spite of the absence of e¡ects of the stalk protein phosphorylation site mutation in cells growing at 30³C, a clear phenotype is detected when some strains carrying the mutated proteins are grown at 37³C [38, 40] .
Thus, the mutated form of protein P1K, but not the wild-type protein, is able to rescue the temperature sensitivity displayed by S. cerevisiae D67, a doubly disrupted strain lacking the two P1 type proteins [24] . This temperature-sensitive phenotype seems to be related to an osmoregulation defect since the non-transformed cells can grow at 37³C in the presence of sorbitol.
A similar phenotype has been reported associated with protein P0 phosphorylation in the previously described S. cerevisiae D67dGP0 (Section 3.2) . This strain, like the parental S. cerevisiae D67, grows at 37³C only in the presence of an osmotic stabilizer. However, the expression of a mutated P0 protein, which is phosphorylated in the ribosome in a higher proportion than the wild-type protein (Section 2), increases the osmotic sensitivity of the cells so that they cannot grow even in the presence of the stabilizer [40] . These results strongly suggest that the stalk phosphorylation level somehow a¡ects osmoregulation in S. cerevisiae D67, and it is reasonable to assume that this e¡ect is at the level of translation. However, since the ribosomes carrying the mutated P0 protein were as e¤cient as the control particles in an in vitro protein synthesis assay at 37³C [40] , the mutation does not a¡ect the overall translating capacity of the ribosomes, but, instead, speci¢cally affects the translation of some mRNAs which are probably related to the osmotic sensitivity of the cell.
Stalk phosphorylation and translation
The previously described phenotypes displayed by yeast strains at high temperature support the idea that the stalk phosphorylation level can a¡ect either directly or indirectly the translation process, and that not all the mRNAs are equally sensitive to this e¡ect. In agreement with this hypothesis, in plant germination, where regulation of gene expression at the level of translation plays a major role, the data suggest a role for acidic ribosomal protein phosphorylation [63] . Thus, upon germination of maize axes the P proteins become rapidly phosphorylated along with the expression of the stored mRNAs. Later on, the level of phosphorylation decreases, although the rate of overall protein synthesis is not a¡ected. It seems, therefore, that modi¢cation of these ribosomal proteins is relevant for the early translation of the stored mRNAs in cereal embryos but not for the steady state protein synthesis [63] .
Since it has been shown that alterations in the stalk composition a¡ect the pattern of proteins expressed by the cell [31] , the level of stalk phosphorylation may similarly a¡ect the translation process, causing an alteration in the expression of a speci¢c subset of mRNAs. The`stalk phosphorylation-sensitive' mRNAs apparently encode proteins involved in di¡erent cellular processes depending on the species, for instance germination in plants and osmoregulation in yeast.
Further studies will help to understand the mechanism by which the stalk structure can regulate translation, but the available data strongly suggest that phosphorylation is a part of this mechanism.
Regulation of stalk protein phosphorylation
If phosphorylation of the ribosomal P proteins has some regulatory role in the cell metabolism, the ac- tivity of the protein kinase(s) involved is expected to be similarly regulated. No experimental data on this possibility have been reported so far. We approached this question recently by testing the e¡ect of a number of known protein kinase e¡ectors on the P protein phosphorylating capacity of a yeast extract, ¢nd-ing that the presence of some typical e¡ectors of PKC causes strong stimulation of the P protein phosphorylation (Fig. 2) . Since these e¡ectors do not seem to act directly on any of the previously described P protein kinases^in fact, Ca 2 inhibits RAPII^the detected increase of the acidic protein phosphorylation suggests an indirect e¡ect due to stimulation of the activity of P protein kinase(s) through phosphorylation by a di¡erent e¡ector-sensitive protein kinase. The identity of this enzyme is unknown. A number of PKC-like kinases have been reported [64^66] with further work being required to correctly interpret these results. Nevertheless, they represent the ¢rst evidence that phosphorylation of the stalk protein can be regulated in yeast.
Putative translation regulatory model
Taking all the available data into consideration, the initial working hypothesis proposed as a model for regulation of translation through the ribosomal stalk [11] has to be modi¢ed as summarized in Fig. 3 . The new hypothesis proposes that the yeast ribosomal population is heterogeneous with respect to the stalk structure. Ribosomes with the four 12-kDa proteins^P1K, P1L, P2K and P2L^phosphorylated, probably form the main population when cells grow exponentially in rich medium. However, when growth slows down, or when metabolic conditions are unusual, P protein-defective and dephosphorylated ribosomes seem to increase. Supporting this Fig. 3 . Scheme of a possible mechanism to regulate eukaryotic translation based on stalk structure changes. Cells contain a heterologous population of 60S ribosomal subunits having di¡erent amounts of P proteins, either phosphorylated or dephosphorylated, which are in equilibrium with a free acidic protein cytoplasmic pool. All the subunit types are able to participate in the translation process but translate the pool of mRNAs in the cell with di¡erent e¤ciency. The overall pattern of translated protein will be determined by the relative proportion of the various subunit types [31] , and this depends on the metabolic conditions of the cell. Thus, stationary phase yeast cells accumulate P protein-de¢cient ribosomes [28] while ungerminated maize axes seem to contain mainly dephosphorylated P proteins [63] .
proposal is the fact that in non-growing yeast almost half the ribosome population seem to have lost the four acidic proteins [28] . Similarly, in ribosomes from ungerminated seeds the P proteins seem to be dephosphorylated and become phosphorylated upon germination [63] .
The changes in the ribosome stalk composition result in an alteration of the pattern of protein expressed [31] , and the level of P protein phosphorylation probably has a similar e¡ect. In this way cells can adapt not only the translation e¤ciency but also the expression of speci¢c proteins to the metabolic conditions.
Regulation of the ribosomal stalk composition
The control of the stalk composition is a key element in the proposed model. The results clearly show that the a¤nity of the P proteins for the ribosome is not altered by phosphorylation, and, therefore, the variable amount of the P1/P2 proteins bound to the particles in di¡erent metabolic conditions [28] cannot be directly controlled by phosphorylation.
At present, it is not known how cells can control the stalk composition; however, if there is an equilibrium between free and ribosome-bound acidic proteins, the amount of protein bound to the particles could be regulated by controlling the size of the cytoplasmic pool. In fact, the pool of acidic ribosomal proteins is reduced at the same time as the ribosomebound protein in stationary phase yeast [28] . The size of the pool can be controlled either at the level of expression or by degradation. Both alternatives have been reported in ribosomal protein regulation in yeast [67] . Regarding expression control, a decrease in the accumulation of the r-protein mRNAs, including the P protein mRNAs, has been shown at stationary phase [68] , which would be in agreement with the reduction detected in ribosome-bound acidic proteins in this growth phase. In addition, it has been shown by using LacZ fusion genes that the level of expression of the four P1/P2 proteins is not the same in di¡erent metabolic conditions (Fig. 4) [69] , indicating that the relative amount in the cell might not be the same in all cases. It is, therefore, possible that the qualitative and quantitative composition of the stalk is controlled by regulating the expression of their components.
Regulation of the cytoplasmic pool by P protein degradation seems less probable since these proteins are apparently resistant to proteases. However, we have recently found that not all of them are equally resistant. Only the P2-type proteins accumulate when overexpressed, while the P1-type are quickly degraded, and accumulate only in the presence of P2 polypeptides (G. Nusspaumer, M. Remacha and J.P.G. Ballesta, unpublished results). Therefore, a regulation of the acidic protein cytoplasmic pool at the level of protein stability is a possibility that cannot be precluded.
On the other hand, control of the binding process, di¡erent from direct P protein phosphorylation, can also modulate the stalk composition. As mentioned previously, the cytoplasmic accumulation of P2 proteins, in spite of their unstable structure [61] , strongly supports the idea that they are protected in the cytoplasm by chaperone-like proteins, which, in addition, can participate in the binding process. In fact, it has been shown that protein P2L is present in high molecular mass complexes when it accumulates free in the cytoplasm [24] , in agreement with the idea that other elements besides the proper ribosome Fig. 4 . Expression of the four yeast P proteins in minimal medium using di¡erent carbon sources. S. cerevisiae W303 cells transformed with centromeric plasmids derived from the YEp series [71] containing the encoding P1K (black bars), P1L (white bars), P2K (gray bars) and P2L (hatched bars) were grown in minimal medium using di¡erent carbon sources as indicated. The L-galactosidase activity was estimated along the growth curve and the maximal value in each case is shown in panel A.
components might participate in the interaction of these proteins with the ribosome.
Conclusions
Contrary to previous proposals, phosphorylation does not a¡ect the interaction of the acidic P proteins with the ribosome to form the stalk, and, in addition, ribosomes carrying totally dephosphorylated P proteins are fully active under standard conditions. Nevertheless, mutations that abolish the phosphorylation site in either the 36-kDa P0 or in the P1/P2 acidic proteins induce some interesting temperature-sensitive phenotypes.
These data, together with previous results concerning the stalk composition [31] , allow us to propose that changes in the stalk structural conformation, either by a¡ecting its composition or by altering the phosphorylation of its components, somehow affect the capacity of the ribosome to translate some mRNAs. As a result, the pattern of translated proteins is modi¢ed, altering the relative expression of di¡erent proteins. This can produce important e¡ects in some metabolic pathways in which the relative concentration of the various components is critical for the ¢nal output.
The mechanism by which the stalk a¡ects translation is at present unknown. An e¡ect at the level of elongation is possible since the stalk seems to have a direct role in the translocation step [14] . It is, therefore, conceivable that alteration of the stalk structure, either by changing the composition or by phosphorylation, can a¡ect the ribosome's translating e¤ciency. A reduction of the ribosome e¤ciency will slow down the translation rate of mRNAs with a higher secondary structure preferentially, establishing in this way a degree of speci¢city in the process. Moreover, a direct e¡ect at the level of initiation cannot be ruled out, since the acidic proteins have been reported as having a role in the activity of the initiation factor IF-2 [70] .
Further experimental evidence is also necessary to de¢nitively con¢rm the existence of this proposed regulatory model. Among other points of information, a detailed characterization of the enzymatic system involved in the stalk phosphorylation/dephosphorylation process is required. The identi¢cation of the protein kinases and protein phosphatases responsible for maintaining the in vivo phosphorylation level of the stalk is important. In this direction, cloning the genes encoding the di¡erent P protein kinases, RAP, RAPII, RAPIII and PK60, will provide very useful yeast molecular genetic tools. The results shown in this report indicating a possible regulation of the P protein kinase activity by di¡erent e¡ectors are encouraging, but require additional information that could arise from detailed molecular and biochemical characterization of the P protein kinases. Characterization of the protein phosphatases participating in this process is equally necessary, and in this ¢eld practically nothing has been done thus far.
